Membrane fusion underlies many cellular events, including secretion, exocytosis, endocytosis, organelle reconstitution, transport from endoplasmic reticulum to Golgi and nuclear envelope formation. A large number of investigations into membrane fusion indicate various roles for individual members of the phosphoinositide class of membrane lipids. We first review the phosphoinositides as membrane recognition sites and their regulatory functions in membrane fusion. We then consider how modulation of phosphoinositides and their products may affect the structure and dynamics of natural membranes facilitating fusion. These diverse roles underscore the importance of these phospholipids in the fusion of biological membranes.
INTRODUCTION

Membrane fusion events
Membrane fusion is at the heart of intracellular membrane traffic phenomena such as endocytosis, secretion and organelle reconstitution and other interactions such as fertilization or certain viral infections. Membrane fusion events can be conceived diagrammatically as the reverse of membrane fission events. Fusion and fission have several distinguishing characteristics, such as use of different protein players (e.g. dynamin, SNAREs {SNAP [soluble NSF (N-ethylmaleimide-sensitive factor)-attachment protein] receptors}), but have other aspects in common, such as highly curved membrane structures in the constricted membrane regions formed just prior to the fusion or fission event.
Fusion is normally thought to involve several steps, which include tethering and docking, priming and bilayer fusion, although it is often not simple to dissect each [1, 2] . The ordering of events is not certain, but tethering or docking represents the first stable contact of the membranes closely related to docking, and priming optimizes complete docking and fusigenic potential. Tethering or docking establishes specificity of binding of various membrane compartments. In the docked state, membranes can receive the signals to proceed with fusion.
The actual fusion event is generally thought to involve the formation of an intermediate or hemifused state which can progress to form a fusion pore or regress to the unfused state. Therefore fusion does not necessarily proceed unidirectionally. For example, 'flickering' or rapid opening and closing of the pore may release secretory vesicle contents at the plasma membrane in small amounts [3] [4] [5] [6] [7] [8] . Although fusion can take place between synthetic membranes lacking proteins, natural membrane fusion is complicated (and regulated) by protein interactions. However, it is fundamentally an event requiring phospholipid alterations. The emphasis of this review is on the participation of phospholipid components derived from PtdIns in intracellular fusions. We will emphasize only a few examples and refer to more extensive reviews of individual subjects throughout.
Potential roles for phosphoinositides in membrane fusion
A wide range of investigations into membrane fusion indicate diverse roles for various members of the phosphoinositide class of membrane lipids. Here we focus on interactions of these phospholipids with proteins that serve as binding sites and/or regulators and more direct roles of phosphoinositides in membrane structure that could facilitate fusion [9] . Each of these functions may be altered by changes in the proportions of particular PtdIns species due to their extensive variety of interconversions and modifications by enzymes.
Phosphoinositides can have three distinct roles in membrane fusion events. They can serve as markers or flags aiding the recruitment of proteins which may influence tethering, docking or fusion. They can be regulators of the proteins that make up the fusion machinery, a role related to the former. They can also have structural roles, altering physical properties, such as fluidity or curvature of the fusigenic membranes, either globally or at the site of fusion. The former two roles have received much more attention in studies of natural membrane systems; the latter has been studied using synthetic membranes and, to some extent, natural membranes. Following a brief introduction to some of the complexities of the family of phosphoinositides and caveats concerning interpretation of their localization, we survey the binding and regulatory roles together and then potential structural ramifications of PtdIns modification.
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PHOSPHOINOSITIDE RECOGNITION AND REGULATION OF MEMBRANE FUSION
Phosphoinositide metabolism
Phosphoinositides comprise a family of phospholipid molecules with head groups built upon D-myo-InsP typically esterified to DAG (diacylglycerol) through a phosphodiester bond at the C-1 position leaving up to five free hydroxyl groups on the inositol ring ( Figure 1A ). The inositol of PtdIns may be phosphorylated in a variety of combinations at the 3, 4 and 5 positions of the ring, yielding PtdIns3P, PtdIns4P, PtdIns5P, PtdIns(3,4)P 2 , PtdIns(3,5)P 2 , PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 [10] . Conversion between these forms is controlled by specific phosphoinositide kinases and phosphatases [11] ( Figure 1B) . Typically, phosphoinositides are present in low amounts in membranes relative to other phospholipids [10] , with some notable exceptions [12] . In addition to changes in phosphorylation state, hydrolysis of PtdIns(4,5)P 2 by PI-PLC [phosphoinositide-specific PLC (phospholipase C)] yields soluble IP 3 (myo-inositol 1,4,5-trisphosphate) and membrane-resident DAG. DAG may be converted into PtdOH (phosphatidic acid) by DGKs (DAG kinases) and PtdOH converted back into DAG by PtdOH phosphatases [13, 14] ( Figure 1C ). Both DAG and PtdOH have multiple signalling roles, including actions downstream on PKC (protein kinase C), PKD (protein kinase D) and PI5K (phosphoinositide 5-kinase) [14] . Eukaryotic phospholipases act only on PtdIns(4,5)P 2 . However, PtdIns(4,5)P 2 is not only a source of DAG and IP 3 , but can itself serve as a binding or anchoring site for other proteins and can activate interacting proteins as well [15] . The multiplicity of possible interactions of phosphoinositides makes defining their potential roles in fusion complex.
Phosphoinositide recognition: binding domains in proteins
Although several specific binding domains exist that recognize PtdIns(4,5)P 2 , non-specific interactions through electrostatic attraction play a role in binding to and sequestering PtdIns(4,5)P 2 [16] . For example the MARCKS (myristoylated alanine-rich C-kinase substrate) protein, an unstructured PKC substrate present in high concentrations in cells, binds to membranes by an N-terminal myristate and a highly basic stretch of 25 amino acids [16] . This effector domain binds electrostatically to PtdIns(4,5)P 2 , sequestering it and inhibiting its hydrolysis by PLC. Proteins regulating fusion, such as SCAMP2 (secretory carrier membrane protein 2), also bind primarily electrostatically to PtdIns(4,5)P 2 [17] . Such proteins could serve to limit the rapid diffusion of PtdIns(4,5)P 2 from its site of synthesis and contribute to membrane regions enriched in PtdIns(4,5)P 2 [18] .
More specific interactions depend on motifs that recognize PtdIns3P [FYVE or PX (Phox homology) domains], PtdIns4P [PH (pleckstrin homology)], PtdIns5P (PD) PtdIns(3,4)P 2 (PH, PX), PtdIns(3,5)P 2 [ENTH (epsin N-terminal homology)/ANTH (AP180 N-terminal homology), GRAM], PtdIns(4,5)P 2 (PH, ENTH), PtdIns(3,4,5)P 3 (PH) or DAG (C1-domain of PKCδ) [19, 20] . Not all domains bind with high affinity or specifically and may require additional interactions for their specific localization [16, 21] .
Phosphoinositide localization and quantification
Establishing the intracellular locations and quantification of individual phosphoinositides poses several formidable difficulties [20] . Consequently, estimates of phosphoinositide content and distribution in cells are subject to considerable uncertainties. In this respect, agreement of determinations by independent techniques is more valuable than estimates by single methodologies. The most common determinations of phosphoinositide content and distribution are either analytical assays on isolated membrane fractions or through use of probes more or less specific for individual species.
Since phosphoinositides are often present in very small molar fractions of total phospholipids, determination by techniques such as TLC is of limited use unless accompanied by metabolic radiolabelling, which is not easily achieved for all tissue samples. Continuing advances in HPLC in combination with electrospray ionization tandem MS allow much more sensitive determination of phosphoinositides, DAG and PtdOH [12, [22] [23] [24] .
Imaging in fixed or live cells depends on probes that are constructed from the domains of proteins that bind to phosphoinositides or their metabolic products [25] . Transfection with fluorescent constructs is useful with the caveat that expression may alter normal function of the inositides [19, 25, 26] . Moreover, transfection of GFP (green fluorescent protein)-PH domains alone is not a specific marker for PtdIns(4,5)P 2 , since in this context the domain has a higher affinity for IP 3 than PtdIns(4,5)P 2 . In addition, binding specificity of domains can be altered by interactions of other domains in the proteins from which they are derived, and the strength of the fluorescent signal may not be proportional to the concentration of target. Fixed cells may be probed with the binding domains, but interpretation depends on adequate fixation of membrane lipids and availability of the lipids, which can be affected by the in vivo binding of proteins [27] . Thus in vitro binding to phosphoinositide blots or liposomes may not fully reflect in vivo binding patterns if in vivo binding sites are blocked [19] . Additionally, antibodies against PtdIns(4,5)P 2 often also recognize PtdIns(3,4,5)P 3 , so that care must be taken in interpretation of data when these antibodies are used.
Compartmental specificity
In certain cell types, phosphoinositides which react with the probes containing specific recognition domains indicate major subcellular localization sites. PtdIns3P and PtdIns(3,5)P 2 have been localized to endosomes and yeast vacuoles [28] , PtdIns4P to Golgi, PtdIns5P to nuclei [29] , PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 to plasma membranes and PtdIns(4,5)P 2 to plasma membranes and nuclei [20] by microscopy techniques. It is unlikely that these are either the sole phosphoinositides in these organelles or that any one of the lipids is specific to a given organelle. MS has mostly been applied to whole cell extracts, but analyses of individual isolated membrane fractions suggests multiple phosphorylated isoforms coexist in these membranes as might be expected for a metabolically dynamic family of phospholipids [12] . Improved methods of purification of membranous compartments will be necessary for better quantification through MS. The notion that organelle identity can be derived from the distributions of phosphoinositides, their modifying kinases and phosphatases and specific Rab GTPases persists [30] [31] [32] , although these identities may reflect quantitative rather than qualitative differences or difficulties of accurate assay.
GTPases responsible for organelle identity are typically members of the Rab and Arf families. The GTP-bound forms associate with membranes and return to the cytoplasm in the GDPbound form [32] . Binding is mediated through prenyl groups and activation is controlled by GAPs (GTPase-activating proteins), GEFs (guanine-nucleotide-exchange factors) and GDIs (GDPdissociation inhibitors). On the other hand, Arfs are usually myristoylated and are also regulated by GEFs and GAPs. GTPases are typically involved in regulation of membrane fusion. In particular, Rab proteins seem to be involved in regulating several steps leading to membrane fusion [33] . For example, Rabs are involved in recruitment of tethering molecules that facilitate SNARE interactions [34] . Importantly, GTPases can also result in altered phosphoinositide composition.
SNAREs and phosphoinositides in membrane fusion
The dominant paradigm for membrane fusion has been the SNARE hypothesis put forth initially by Rothman and co-workers [35] . Although individual SNAREs were originally hypothesized to be responsible for specific membrane recognition as well as fusion, they are now believed to work in asymmetric combinations, participating as components of more complex assemblies responsible for both recognition and fusion [36] . SNARE function has been reviewed extensively elsewhere [34, [36] [37] [38] [39] [40] [41] [42] .
In addition to the SNARE proteins themselves, which include syntaxin, synpatobrevin/VAMP (vesicle-associated membrane protein) and SNAP-25, other proteins also contribute to their roles in fusion. These include various small GTPases of the Rab family, sec1/MUNC or SM proteins which bind to syntaxin [43, 44] , the Ca 2+ -binding synaptotagmins which regulate fusion [45, 46] , complexins which either inhibit or facilitate SNARE action [47, 48] , and NSF and SNAPs, originally thought to drive fusion, but which are now known to dissociate the SNARE complexes after fusion.
There are many examples of interactions of the SNARE machinery with phospholipids [49] . A regulatory role for interaction of syntaxin1A with phospholipids is suggested by recent experiments in which binding and sequestering of the lipids to fusion sites depends on syntaxin 1A [50] , possibly through its polybasic unstructured juxtamembrane domain. Bound lipids include phosphoinositides and PtdOH in PC12 cells. Syntaxin 1A mutants that diminish lipid binding lower exocytosis and alter the dynamics of the fusion pore, with longer pore durations and smaller pore size.
Synaptotagmin, when it binds Ca 2+ , increases its affinity for phospholipids, which results in pulling membranes closer together in a tethering or docking step [51] . The effect is mediated through unstructured polybasic regions of the C 2 B domain, facilitating interaction with acidic lipids such as phosphoinositides. Synaptotagmin 1 binds two PtdIns(4,5)P 2 molecules in two different ways. A Ca 2+ -independent binding mode allows penetration of the protein into PtdIns(4,5)P 2 -rich membranes with very rapid kinetics, which has been proposed as a mechanism for rapid responses to bring vesicle and plasma membrane into close proximity prior to fusion [52] .
Selected examples of regulation of cellular processes and recognition of cellular compartments
Exocytosis
After packaging of vesicular contents, exocytosis requires fusion of vesicles with the plasma membrane. The process consists of both constitutive and regulated exocytosis in a variety of cell types for a wide range of functions. PtdIns3P, PtdIns(4,5)P 2 , PtdIns(3,4,5)P 3 and DAG all have roles in regulation of exocytosis.
Roles of PtdIns(4,5)P 2 in exocytosis.
PtdIns(4,5)P 2 is involved in binding of exocytic vesicles to the plasma membrane. For example, in budding yeast, polarized exocytosis marshals materials needed for expansion of the cell membrane and construction of the cell wall at the tip of the bud. Docking of post-Golgi exocytic vesicles to the plasma membrane involves a complex, the exocyst, which consists of eight proteins, including Rab and Rho GTPases (Figure 2 ). The exocyst may tether vesicles to the plasma membrane or have a more direct role in SNARE complex formation [53] .
Binding of many of the exocyst components is lipid-mediated. Sec3 binds to PtdIns(4,5)P 2 through a polybasic region in its Nterminus ( Figure 2 ) [54] . Binding to both PtdIns(4,5)P 2 and the Rho GTPase Cdc42 are required for exocytosis (Cdc42 integrates polarization of actin filaments and exocytosis during budding).
Other proteins, such as Gic1 and Gic2, are effectors of Cdc42, and deletion of both blocks exocytosis and cell polarization [55] . Moreover, Gic2 binds to Cdc42 through a domain called CRIB [Cdc42 (cell-division cycle 42)/Rac-interacting binding domain] [56] , and adjacent to CRIB is another polybasic domain that binds to PtdIns(4,5)P 2 . Depletion of PtdIns(4,5)P 2 or mutation of the polybasic domain disrupts exocytosis [56] . In addition to Sec3, Exo70 has been shown to tether vesicles to the plasma membrane through the binding of its C-terminal domain to PtdIns(4,5)P 2 [57] (see Figure 2) . Exocyst function has also been examined in a variety of animal cells. An early report of secretory PC12 cells identified three required cytosolic PEPs (priming exocytosis proteins) which include a PITP (PtdIns transfer protein) and a PIP5K (PtdIns4P 5-kinase) [58] . Inhibition by antibodies to PtdInsP(4,5)P 2 or PLC indicate a role for PtdIns(4,5)P 2 in exocytosis in these cells.
Exocyst proteins are recruited to the plasma membrane during basal-lateral addition of membrane in epithelial cells, addition of membrane to the leading edge of migrating cells, and in neurites. In HeLa cells, Exo70 associates with the plasma membrane by binding to PtdIns(4,5)P 2 . It is essential for docking and fusion, but not transport to the membrane [59] . Binding is selective for PtdIns(4,5)P 2 over negatively charged phosphoserine, but an affinity for PtdIns(3,4,5)P 3 , which is present in much lower amounts, offers the additional possibility for recruitment by this lipid.
PtdIns(4,5)P 2 is synthesized upon platelet activation. Addition of PI-PLC to permeabilized platelets stimulates secretion, as does addition of recombinant PIP (phosphoinositide phosphate) kinase [60, 61] . Antibodies against type II PIP kinase or excess PtdIns(4,5)P 2 blocks secretion [60] , suggesting that the equilibrium between the production of DAG and formation of PtdIns (4,5)P 2 affects secretion in platelets.
In neuroendocrine chromaffin cells and PC12 cells, polyphosphoinositide synthesis is required for exocytosis of noradrenaline (norepinephrine). The role of proteins in the regulated secretion of DCVs (dense core vesicles) in neuroendocrine cells has been recently reviewed [39] . DCVs are triggered to exocytose by Ca 2+ . Synaptotagmin serves as a Ca 2+ sensor in chromaffin cells and is targeted by binding through its two C2 domains to PtdIns(4,5)P 2 [39] . DCV exocytosis is inhibited by the PtdIns(4,5)P 2 -binding PH domain of PLCδ [62] and by depletion of PtdIns(4,5)P 2 [63] . It has been suggested that the Ca 2+ bound to synaptotagmin strongly attracts negatively charged phospholipids to deform membranes and overcome energy barriers to form a fusion stalk [46] .
In the late stages of Ca 2+ -dependent exocytosis, SCAMP2 binds through basic electrostatic interactions with PtdIns(4,5)P 2 . Mutation of this binding region interferes with exocytosis by decreasing the stability of nascent pores and the probability of their opening in PC12 cells [17] .
SCAMP2 also serves as a scaffold for phospholipase D, Arf and PIP5K. Increasing PtdIns(4,5)P 2 levels in the plasma membrane of chromaffin cells by infusing PtdIns(4,5)P 2 or overexpressing PtdIns(4)P 5-kinase increases secretion. Directing the 5-phosphatase domain of synaptojanin to the plasma membrane decreases secretion [64] . PI3K (phosphoinositide 3-kinase) inhibition results in a transient increase in PtdIns(4,5)P 2 and secretion. Since fusion kinetics are unaffected, but the size of the pools of vesicles ready to release increase with PtdIns(4,5)P 2 levels, it was suggested that PtdIns(4,5)P 2 regulates the number of vesicles ready for fusion.
At the pre-fusion step of Ca 2+ -initiated fusion of chromaffin granules, a protein known as CAPS (calcyphosine)-1 is required. Antibody neutralization of CAPS-1 blocks DCV, but not synaptic vesicle exocytosis. Mutation in Caenorhabditis elegans or Drosophila of CAPS results in loss of neurosecretion of some neurotransmitters. CAPS binds specifically to PtdIns(4,5)P 2 in vitro [65] . In permeabilized PC12 cells, binding of CAPS to the plasma membrane is dependent on PtdIns(4,5)P 2 and increases the rate of exocytosis, indicating a role for CAPS and PtdIns(4,5)P 2 at a pre-fusion step in regulating secretion [66] .
Roles of PtdIns3P and PtdIns(3,4,5)P 3 in exocytosis.
PI3Ks play a role in many exocytic events. These include class 1A PI3Ks in transport of GLUT4 glucose transporters to the plasma membrane induced by insulin, and class II PI3Ks in neurosecretion [67] .
In neurons, synaptic vesicles are loaded with neurotransmitter, assemble near the synapse and dock to the plasma membrane. There they are primed to become Ca 2+ -sensitive. A nerve impulse triggers voltage-gated Ca 2+ channels, resulting in local increases of Ca 2+ and formation of a fusion pore. Following release of the contents, membrane can be reclaimed by endocytosis or contents can be recharged with or without undocking [68] . Fusion pores required for content release may be transient and rapid or the entire vesicle may incorporate into the plasma membrane in a slower process. Rab5 and PI3K are required for neurotransmitter release and Rab5 helps to recruit PI3K. Rab3, and its effectors rabphilin and RIM1α/2α, participate in a post-docking step. The SNAREs synaptobrevin, syntaxin 1 and SNAP-25 and several regulatory proteins, including MUNC 18-1 and synaptotagmin, also participate in secretion.
Several synaptic vesicle proteins bind to phosphoinositides, such as synaptotagmin [69, 70] , CAPS [65] , and the MUNC 18-1-interacting Mint proteins [71] . Chemical blocking of synthesis of phosphoinositides in synaptosomes differentially interferes with neurotransmitter secretion. Release of noradrenaline is sensitive, but secretion of GABA (γ -aminobutyric acid) and glutamine is insensitive to phosphoinositide depletion [72] , possibly indicating a difference in requirements for various vesicle types.
PTP-MEG2 is a mammalian tyrosine phosphatase that induces secretory vesicle fusion. It has a Sec14 homology domain that binds to PtdIns(3,4,5)P 3 and is found on secretory vesicles containing PtdIns(3,4,5)P 3 . Mutations interfering with binding to PtdIns(3,4,5)P 3 or depleting PtdIns(3,4,5)P 3 in T-cells lower the capacity to lead to fusion. The co-localization of several different phosphoinositide kinases on these secretory vesicles would provide for regulation of PtdIns(3,4,5)P 3 levels and secretion [73] .
An early study of histamine-releasing mast cells from rat peritoneum indicated an increase in DAG content within 1 min of stimulation [74] . Addition of labelled arachidonoyl-DAG revealed rapid breakdown to arachidonate, suggesting production and turnover of DAG might be involved in mastcell secretion. PtdIns(4,5)P 2 content in the plasma membranes of these cells appears to decrease transiently, owing to PI-PLC activity. Hydrolysis occurs after Ca 2+ signalling in permeabilized cells, although the direct effects on exocytosis of changes in levels of DAG or alterations in PtdIns(4,5)P 2 are small [75] . Although PtdIns metabolism undoubtedly contributes to signalling in these cells, effects of DAG on membrane curvature have also been postulated [76] . Mast-cell signalling has been reviewed in [76, 77] .
Roles of DAG in exocytosis.
DGKs, which convert DAG into PtdOH ( Figure 1C) , have a wide variety of functions and can interact with PKCs [14] . DGKs in the T-cell response to Fas ligand binding regulate both inflammatory response and cell death. Exosomes are small vesicles that accumulate into late endosomes or multivesicular bodies [78] . An isoform of DGK, DGKα, localized on the Golgi and late endosomal compartments, inhibits secretion of exosomes, which subsequently leads to apoptosis [79] .
Munc13 proteins that have DAG-recognition domains function in synaptic vesicle priming, being required for release rather than docking [43, 44] . PLC-linked receptors in chromaffin cells modulate MUNC13-1 by producing DAG [80] , resulting in recruitment of vesicles for exocytosis. A model has been presented for how Munc13 acts at a post-priming step (i) to facilitate fusion in which the role of DAG is to upregulate Munc13 catalytic activity by relieving an intramolecular inhibitory interaction of its C-terminal 'catalytic' domain thus promoting priming, and (ii) to assist fusion through interaction of Munc13 with SNAREs [81] .
Endocytosis
Roles of PtdIns3P in endocytosis. During phagocytosis, neutrophil or macrophage receptors recognize opsonins on the target and form a phagosome, which subsequently fuses with endosomes and, eventually, lysosomes. Early endosomes engage in both heterotypic (with endocytosing vesicles) and homotypic fusions. A robust in vitro system has led to one of the most complete models of how phosphoinositides could function in fusion through assembly of SNARE-interacting factors. PtdIns3P plays a critical role in early endosomes as a recognition marker for binding the GTPase Rab5 and the EEA1 (early endosomal antigen 1), a protein with a FYVE domain [67] . Several endocytic effectors required for homotypic fusion contain FYVE domains such as EEA1, rabankyrin-5 and rabenosyn-5, all of which bind to Rab5 as well [67, 82] . EEA1 interacts with the SNAREs syntaxin-6 and syntaxin-13, and rabenosyn-5 interacts with a regulator of the Sec family. Rab5 recruits PI3K to endosomal membranes and binds to and stimulates phosphoinositide 5-and 4-phosphatases, thus integrating various aspects of PtdIns metabolism [83] . Specific depletion of PtdIns3P in the endosomal compartment disrupts endosomal traffic and morphology [84] (see Supplementary Movie 1 at http://www.BiochemJ.org/bj/418/ bj4180233add.htm).
PtdIns3P localization using a tandem FYVE probe results in labelling of early and multivesicular endosomes in mammalian fibroblasts and endosomes and vacuoles in yeast, suggesting a conservation of functional compartmentalization [28] . PtdIns3P is found in microdomains in early endosomes and internal vesicles of MLVs (multilamellar vesicles), whereas the primary site for PtdIns(4,5)P 2 is in the plasma membrane of the same cells. The PtdIns3P-binding proteins Rab5, EEA1, SARA (Smad anchor for receptor activation) and CISK (cytokine-independent survival kinase) are restricted to the PtdIns3P-containing microdomains, whereas the PtdIns3P-binding protein Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate) is found in the domains associated with clathrin and lowers levels of PtdIns3P [85] . The in vivo application of a regulated dimerization device (rapalogue-induced depletion) that locally depletes PtdIns3P and PtdIns(3,5)P 2 from Rab5-positive endosomes indicates that the normal maturation of the endosomal compartment and the flux of receptors through it are significantly affected by acute removal of these two inositides [84] . Moreover, the disruption of endosomal morphology into a tubularized network delays degradation of EGFR (epidermal growth factor receptor) and impairs the recycling of transferrin receptor complex (Figure 3 ). Therefore PtdIns3P levels regulate receptor efflux towards the recycling pathway, the degradation pathway and the trans-Golgi network. These results indicate both a positive and negative role for PtdIns3P in defining regulatory domains and a role of assembly of signalling complexes involved in membrane trafficking.
Other Rabs, such as Rab5 and 7, are involved in formation of phagosomes by macrophages but are not sufficient for fusion, which appears to require phosphorylation of PtdIns at the 3 position, perhaps in concert with recruitment of EEA1 or rabynosin [86] . PI3K activity is required for phagocytosis, indicating an involvement of PtdIns3P or PtdIns(3,4,5)P 3 . Inhibition of PI3K with wortmannin prevents fusion of the phagosome with late endosomes without blocking recruitment of Rab7 and prolongs binding of early endosomal Rab5 [86] . A class I PI3K is involved in formation of the phagosome cup and, after sealing, a second PI3K is needed for maturation as the phagosome acquires late endosomal markers and eventually EEA1 [67] . These studies illustrate an important and differential role of PtdIns3P in related cellular compartments during endocytosis.
Roles of PtdIns(4,5)P 2 in endocytosis. PtdIns(4,5)P 2 also functions in endocytosis and phagocytosis. The first steps in endocytosis require PtdIns(4,5)P 2 at the cell surface, possibly for recruitment of proteins needed for receptor internalization [87, 88] . Depletion of PtdIns(4,5)P 2 at the plasma membrane by rapalogue-induced translocation of a domain of phosphoinositide 5-phosphatase blocks internalization of the transferrin receptor [89] in this fission event.
Vacuoles and lysosomes
The vacuole of yeast is similar to the lysosome in higher eukaryotic cells, where a wide range of macromolecular components are broken down to be recycled. Vacuole fusion in yeast has been recently reviewed [90] .
The vacuole is reconstituted by homotypic fusion of vacuolar fragments following budding. Several in vitro fusion assays are available, including a classic one exploiting homotypic fusion, which utilizes vacuoles isolated from two different mutant strains of yeast lacking either a phosphatase Pho8 or a protease that activates Pho8. Introduction of both wild-type proteins into the same compartment following fusion reconstitutes the phosphatase activity, conveniently monitored by a colorimetric reaction. As in other fusion reactions, vacuolar fusion involves tethering/docking, priming and fusion steps. Sec18, an AAATPase, helps in dissociation of the SNARE complexes (cis-SNAREs), activating them to be re-used in subsequent reactions. Tethering is assisted by HOPS, a large complex of six proteins which reversibly binds vacuolar membranes. Docking involves the irreversible binding of unpaired SNAREs with one another. The steps involved in the actual fusion event are not well understood.
Roles of PtdIns(4,5)P 2 in vacuole fusion. Vacuole fusion in vitro
is blocked by antibodies to PtdIns(4,5)P 2 and PI-PLC [91] . PtdIns(4,5)P 2 is necessary for priming and also a later step [91] . PtdIns3P helps to recruit the SNARE Vam7p to the membranes [92, 93] . Prior to fusion, a flattened region of membrane contact called the fusion ring forms. At the periphery of this structure, a vertex ring forms which is enriched in HOPS, SNAREs and the small GTPase Ypt7p [94, 95] .
Fusion begins at the vertices, which also accumulate diacylglycerol, both 3-and 4-phosphoinositides, and ergosterol [95, 96] (Figure 4) . The lipids are required for protein enrichment, and SNAREs and actin are needed for PtdIns3P enrichment. Overlay and liposome assays indicate the purified HOPS complex binds to inositides, particularly to PtdIns4P, PtdIns3P, PtdIns(3,5)P 2 and PtdIns(4,5)P 2 but not PtdIns, PtdSer (phosphatidylserine) or PtdOH [97] . Binding of HOPS to liposomes is attenuated by competition with a tandem-FYVE domain specific for PtdIns3P, a PH domain specific for PtdIns4P, or an ENTH domain specific for PtdIns(4,5)P 2 .
A genomic analysis of deletion mutants indicated that PLC is essential to vacuolar fusion [98] . Vacuole fusion in yeast is blocked with sequestration of DAG by the C1b domain from a mammalian PKCβII or PLC inhibitors [99] . Deletion of the PLC1 gene results in fragmented vacuoles and its product phospholipase C1p, the only PLC in yeast, stimulates fusion.
Since PtdIns(4,5)P 2 has been detected on the plasma membrane but not the vacuoles, the location of the PtdIns(4,5)P 2 -modifying phosphatases Inp54p, which converts PtdIns(4,5)P 2 into PtdIns4P, and Sac1p, which converts PtdIns4P into PtdIns, were used to alter PtdIns(4,5)P 2 levels. Depleting PtdIns(4,5)P 2 from the plasma membrane with the 5-phosphatase Ins54p and the 4-phosphatase Sac1p resulted in fusion defects, with PtdIns(4,5)P 2 appearing on fragmented vacuoles [100] . Using a tandem PH domain probe, PtdIns(4,5)P 2 was seen to be lost from the plasma membrane and appear in vacuolar fragments when genes for the two phosphatases were deleted. Since the mutants were rescued by inactivating the PI4K (PtdIns 4-kinase) Mss4p, that synthesizes PtdIns(4,5)P 2 in the plasma membrane, it was concluded that the PtdIns(4,5)P 2 accumulating in vacuoles came from the plasma membrane and resulted in fragmentation or fusion defects. It was suggested that PtdIns(4,5)P 2 is carried by endocytosis to the vacuole, where it promotes fusion.
Roles of PtdIns3P
. Autophagosomes form to deliver damaged organelles, old proteins and protein aggregates to lysosomes for degradation. In yeast, the PI3K Vps34 is required, and in mammals autophagy is inhibited by PI3K inhibitors. Class III PI3Ks promote and class I PI3Ks inhibit autophagy. Most effector molecules remain to be defined [67] . One of these is a regulatory subunit of Vps34, Vps15, which is a protein kinase required for autophagy in Drosophila. The role of PtdIns3P in autophagy has been recently reviewed [101] .
Summary
Phosphoinositides, particularly PtdIns(4,5)P 2 , PtdIns3P and PtdIns(3,4,5)P 3 , play a variety of roles in recognition and regulation of membrane fusion events in exocytosis, endocytosis and vacuole reconstitution. A large number of PtdIns(4,5)P 2 -interacting proteins have been found, including exocyst proteins Sec3, Rho, Gic1 and 2, Cdc42, Exo70, and synaptotagmin, SCAMP2, CAPs and Mint proteins, all functioning at various steps in exocytosis. Roles for the tyrosine phosphatase PTP-MEG-2, which binds to PtdIns3P and MUNC 13-1 and is regulated by DAG, confirm the importance of phosphoinositide metabolism in exocytosis. Binding of HOPS to PtdIns(4,5)P 2 in vacuole fusion, as well as requirements for DAG and PI-PLC, indicate a similar importance of these lipids. A central role for PtdIns3P in endocytosis has been well documented in the assembly of Rab5, EEA1, SARA, CISK, rabankyrin-5 and rabenosyn-5. Various means of experimental alteration of phosphoinositide levels result in interference or enhancement of the fusion processes. The ability of phosphoinositides to serve as markers for the binding of proteins needed for fusion and their high affinity for, and capacity to regulate the activity of, some fusion proteins underlie the mechanisms which control membrane fusion in these natural membrane systems.
However, one major approach still lacking in this field is the simultaneous determination of localization and the regulation of phosphoinositide turnover during cellular processes. To quantitatively evaluate in situ turnover and image phosphoinositide localization in relation to the modulation of the physicochemical environment of membrane-associated proteins in various subcellular compartments, mass and optical imaging need to be integrated in a single instrument. Such complete data on phosphoinositide composition and distribution would be unique as a post-genomic technology and would permit the development of quantitative predictive models of cellular processes involving membrane alterations.
EFFECTS OF PHOSPHOINOSITIDES AND THEIR PRODUCTS ON MEMBRANE STRUCTURE AND FUSION
Curvature and fusion: theoretical considerations
The role of lipids in membrane fusion has received much theoretical and experimental attention, in particular concerning the effects of those phospholipids exhibiting negative curvature [102] [103] [104] . Natural membranes and synthetic lipid bilayers are sealed in an aqueous environment because of the strong hydrophobic effect of the lipids. In order to fuse, membranes must be in close apposition (and thus water removed from the point of contact) and lipids must be rearranged and proteins cleared (at least at the site of fusion) to allow the two separate bilayers to merge into one continuous bilayer.
The most widely accepted model of the fusion intermediate is the fusion stalk (see [104] [105] [106] [107] [108] [109] ) ( Figure 5) . A hemifused intermediate state ( Figure 5C ) in which the two apposed (proximal) monolayers fuse but the distal monolayers (which face the aqueous interior) and the contents of the interiors have not yet mixed creates a fusion stalk ( Figure 5D ). Subsequent expansion of this region leads to a fusion pore ( Figure 5E ), connecting the interior compartments. Each step requires energy and the energetic considerations have been extensively reviewed elsewhere [104, 105, 107] .
Formation of the hemifused intermediate is accompanied by extreme curvature of the proximal leaflets. This can be facilitated by lipids of negative spontaneous curvature ( Figure 5 ). Spontaneous curvature is the preferred curvature of a monolayer and depends on the type of phospholipids making up the monolayer. Lipids with positive curvature (such as lysophosphatidylcholine) favour bending away from the head groups; those with negative curvature (such as DAG, cholesterol and phosphatidylethanolamine) favour bending towards the head groups. In water, phospholipids of these two classes would by themselves form micelles or inverted micelles respectively rather than bilayers.
Biophysical studies: liposomes and model membranes
Much experimental evidence shows that synthetic bilayers or liposomes enriched in negatively curved phospholipids exhibit spontaneous fusion, whereas incorporation of positively curved lipids hinders fusion [110] . In natural membranes, proteins inserted into the bilayer might also contribute to membrane bending in the region of the stalk [111] .
Among lipids that provide negative curvature are phosphatidylethanolamine, cholesterol and DAG, the product of PtdIns(4,5)P 2 hydrolysis by PI-PLC [103] . There is also evidence to indicate that phosphoinositides may themselves promote fusion. Solidstate NMR spectroscopic studies of model membranes that have high levels of C 18:0 /C 20:4 DAG and polyunsaturated PtdIns indicate that they are very fluid, even at low temperatures [112] . Charged phosphoinositides may also reorganize and phase separately in membranes [113] .
In synthetic vesicle fusion induced by Ca 2+ or La 3+ , PtdIns(4)P, PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 enhanced fusion even at concentrations as low as 5 mol % [114] . Unphosphorylated PtdIns inhibited fusion, which was attributed to steric effects of the large head group preventing proximity of the opposing membranes. Other negatively charged lipids did not lead to fusion at the same concentrations. These experiments were performed in 2 mM 
Ca
2+ , which could neutralize the charges on the head-group phosphate groups and bridge them to allow closer proximity of the membranes, but the phosphoinositides under these conditions should still contribute steric effects, a problem which would be circumvented by DAG.
Using large unilamellar vesicles as substrates, the effect of DAG in vesicle fusion was demonstrated in several studies. LUVs (large unilamellar vesicles) with 30-40 mol % PtdIns will aggregate and fuse following action of a bacterial PI-PLC (which prefers PtdIns to PtdIns(4,5)P 2 as substrate). Inclusion of 5 mol % DAG facilitates fusion of liposomes containing up to 5-10 % PtdIns which otherwise only undergo hemifusion [115, 116] . Two effects of DAG may be at work in this system: production of sufficient amounts of DAG to facilitate stalk formation and stimulation of PI-PLC by increased DAG to increase hydrolytic activity. DAG may also facilitate lamellar to non-lamellar (including hexagonal) phase transitions [117, 118] , an effect experimentally reversed by lysophophatidylcholine of positive curvature.
Plots of LUV inner monolayer lipid mixing rates against fractions of DAG in the vesicles support the idea that the concentration of DAG is the critical variable controlling the rate of fusion [116] . Similar effects of DAG are produced by PC-PLC activity on phosphatidylcholine-rich vesicles [119, 120] . Lipids like cholesterol enhance enzyme activity in lamellar phases [121] . PLC was suggested to create local regions of high DAG content [122] . A lag period before liposome fusion correlates with the amount of DAG initially present and that subsequently produced by hydrolysis. Fusion initiation begins at about 10 mol % DAG, even though LUVs containing 10 % DAG are stable in the absence of enzyme. It was thus suggested that the enzyme might result in localized DAG formation to initiate fusion [116] .
Although one can achieve fusion of protein-free bilayers, fusion in vivo undoubtedly depends on both proteins and lipids. SNAREs reconstituted to liposomes can lead to fusion, although at rates lower than those observed in vivo [123] . Adjustment of the concentration of components in the reconstitution assays leads to more physiological rates [124] . It has been suggested that the ability of SNAREs to lead to fusion of liposomes depends on the physical state of the bilayers [125] . In standard reconstitution assays, SNARE liposomes can be heterogeneous and are most efficient at high protein densities. It was suggested that slow fusions occur though stalk mechanisms but preferentially in small vesicles with high curvature stress, whereas in more homogeneous larger vesicle populations fusion is minimal.
There is considerable evidence that SNAREs and other fusion regulatory proteins are affected by, and interact with, specific phospholipids, in particular phosphoinositides. For example, negatively charged phospholipids, especially phosphoinositides, decrease lateral mobility of t-SNAREs in planar model membranes [126] . In addition, SNARE-dependent fusion of liposomes was found to be dependent on phospholipid composition. When PtdOH was incorporated into vesicles with syntaxin 4 and PtdIns(4,5)P 2 incorporated into vesicles containing VAMP2, fusion of the two membranes was accelerated, suggesting that the asymmetric distribution of the these lipids facilitated SNAREdependent fusion [127] . It was hypothesized that PtdOH, of negative curvature, stabilized expansion of the outer leaflet in formation of the hemifused intermediate, and PtdIns(4,5)P 2 , by virtue of its large head group, favoured the positive curvature of the inner leaflet leading to fusion.
Thus there is a variety of results suggesting that negatively curved lipids can facilitate fusion by directly contributing to curved stalk-like intermediates and/or by interacting with SNAREs.
Selected examples of structural effects on natural membranes
Experimental evidence for the involvement of lipids exhibiting negative curvature in fusion reactions has been obtained in several natural membrane systems. A number of phospholipases ( Figure 1D ) are capable of producing such lipids directly or indirectly, which may have structural as well as signalling consequences for the membrane in which they are generated. For example, PLA 2 (phospholipase A 2 ) forms non-esterified fatty acids and lysophospholipids, the former exhibiting negative curvature and the latter positive curvature (for a review, see [128] ). PLD (phospholipase D) proteins release choline, leaving PtdOH in the membrane, which also exhibits spontaneous negative curvature [129] . Phosphatases convert PtdOH into DAG, which exerts a negative curvature. Eukaryotic PLCs directly catalyse production of DAG and IP 3 from PtdIns(4,5)P 2 . PtdIns(4,5)P 2 can also activate PLD.
Each phospholipase also yields products which may have other consequences, so that it is often difficult to disentangle signalling and structural roles. For example, polyunsaturated fatty acids released by PLA, such as arachadonic and docosahexaenoic acids, can affect the SNARE syntaxin and allow SNARE interaction with MUNCs [130] . These fatty acids directly or indirectly through their conversion into eicosanoids such as prostaglandins can also influence fusion [131, 132] . DAG can directly modulate MUNC activity to control release of docked vesicles [80] . IP 3 produced by PLCs causes release from internal stores of Ca 2+ which at least at basal levels is required for fusion.
Membrane curvature by fatty acids may explain the action of snake venoms that stimulate neurotransmitter release at neuromuscular junctions. Their phospholipase A 2 activity produces lysophospholipids and fatty acids which can mimic the effects of the venom [133, 134] . Lysophospholipids associated with positive curvature, and fatty acids with negative curvature which promotes hemifusion, have been proposed to occupy different monolayers and aid in the bending required for fusion during exocytosis of neurotransmitters, although the exact mechanism of action is unclear [135] . PLA 2 mechanisms may also operate in sperm acrosomal exocytosis [136] , endosomal fusion, brain neuron exocytosis [137] and Golgi-ER (endoplasmic reticulum) traffic [128] . PtdOH, produced by PLD which is involved in chromaffin cell exocytosis [138] , may also directly affect fusion through structural alterations of the bilayer [139] .
For the purposes of the present review, several examples are discussed below arguing for a role of DAG in membrane fusion. A structural role for DAG in membrane fusion has received much less attention than its signalling role and thus many of the studies are not yet definitive. Additionally, DAG accumulation at the site of fusion is difficult to study because of its transient nature and detection problems against the background of other lipids of the membranes not directly involved in the fusion stalk. Some progress using cell-free extracts suggest that DAG may have a direct role in biological membrane fusion.
Plasma-membrane fusion
Early experiments indicated a structural role for DAG in plasmamembrane fusion. Elevated levels of diacylglycerol and PtdOH were correlated with crenation of red blood cells depleted in ATP or Ca 2+ -triggered, which leads to membrane budding and fusions creating microvesicles [140] . Loss of PtdIns(4,5)P 2 and/or conversion into DAG were related to shrinkage of the inner monolayer, which could account for the crenation [141] .
The Ca 2+ -initiated fusion of the plasma membranes of myoblasts to form myotubes is accompanied by breakdown of PtdIns(4,5)P 2 and DAG and PtdOH synthesis [142, 143] . Myoblasts have relatively high polyphosphoinositide contents for vertebrate cells, which was suggested to lead to plasma-membrane fusion [142] .
Secretion
An early study of histamine-releasing mast cells from rat peritoneum indicated an increase in DAG content within 1 min of stimulation [74] . Addition of labelled arachidonoyl-DAG revealed rapid breakdown to arachidonate, suggesting production and turnover of DAG might be involved in mast cell secretion. Mast cell signalling has been reviewed in [76, 77] . PtdIns(4,5)P 2 content in the plasma membranes of these cells appears to decrease transiently due to PI-PLC activity. Hydrolysis occurs after Ca 2+ signalling in permeabilized cells, although the direct effects of DAG or alterations in PtdIns(4,5)P 2 levels on exocytosis were small [75] . Athough PtdIns metabolism undoubtedly contributes to signalling in these cells, effects of DAG on membrane curvature has also been suggested [76] .
In an early attempt at an in vitro fusion system, polylysineinduced fusion of ghosts of chromaffin granules and plasma membrane targets was monitored by a fluorescence dequenching assay [144] . Addition of diacylglycerol to the plasma membranes or model membranes facilitated Ca 2+ -mediated fusion. An important secretory vesicle model is derived from sea urchin eggs, whose cortical granules contribute to the construction of the extracellular matrix after fertilization and aid in the prevention of polyspermic fertilization [145] [146] [147] [148] . These granules are docked and await a Ca 2+ wave to trigger exocytosis at fertilization. Evidence from FRAP (fluorescence recovery after photobleaching) measurements suggests that the cortical granules may be already in a hemi-fused state with the plasma membrane [149] , similar to that reported for certain synaptic vesicles [150] . Rab3 and SNAREs are associated with these membranes in an immobile fraction that awaits Ca 2+ activation to lead to full fusion. The lipid composition of the cortical granule membranes and the plasma membrane are not known in detail, but analyses suggest the granules are enriched in cholesterol and arachadonic acid [151] . The target plasma membrane is rich in PtdIns (25 %), phosphatidylethanolamine (60 %) and cholesterol (the latter approximately equimolar with total phospholipids) [152] . The role of membrane curvature has been addressed by Churchward et al. [103] in a cortical granule-plasma membrane in vitro fusion system. With the caveat that Ca 2+ concentrations triggering fusion are higher than those observed in vivo in these experiments [1] , results from these important studies indicate fusion roles for lipids of negative curvature, including DAG and cholesterol. Depletion of cholesterol blocks fusion, which can be restored by DAG and phosphatidylethanolamine [103, 153] . In contrast, lysophosphatidylcholine inhibits fusion. Neither the kinetics of fusion nor its Ca 2+ sensitivity, only the ability to fuse, was affected by the amount of lipids of negative curvature. Importantly, comparison of different lipids of spontaneous negative curvature indicated both a quantitative effect for each lipid and a critical overall curvature, suggesting a threshold of negative curvature for fusion.
Additionally, although DAG could restore fusion in cholesteroldepleted granules, PtdOH could not, indicating that DAG could be a central contributor to fusion between non-fusogenic PtdIns(4,5)P 2 and PtdOH, and so the role of PtdOH in vivo would be upstream of the fusion event. Another important result is that cholesterol seems to be concentrated in the vesicle population, suggesting a possible asymmetry in the degree of curvature of the interacting membranes. The authors suggested that total spontaneous curvature involving cholesterol and other molecules may be important in this and other systems. These results support a stalk model of fusion involving contacting monolayers from each membrane [103] .
Another useful in vitro system is derived from alveolar cells. Alveolar type II cells secrete lung surfactant by fusion of lamellar bodies with the plasma membrane. The protein annexin 7 promotes Ca 2+ -mediated fusion. Vesicles incubated with DAG or PtdIns(4,5)P 2 incorporate these lipids, which facilitates fusion. Pretreatment of lamellar bodies with PLC to generate DAG also promotes fusion [154] . These experiments indicate a potential role for DAG content in annexin 7-mediated membrane fusion.
Phagocytosis
A striking localization of DAG is seen in phagosome formation in macrophages. Using fluorescent lipid probes and antibodies, focal accumulations of PtdIns(4,5)P 2 , type 1α PIP kinase and PLC were detected in the phagosome cup followed by loss of PtdIns(4,5)P 2 and formation of DAG [155] . Blocking DAG synthesis blocked phagocytosis. The authors related these phenomena to regulation of actin assembly and cytoskeletal remodelling that accompany this fission event, but it is possible that DAG, which accumulates maximally just after completion of sealing of the newly formed phagosome, may have a structural role in the bending required for its formation. The experiments strikingly illustrate the local accumulation of phospholipids and modifying enzymes possible within natural membranes which could equally well apply to fusion intermediates.
Cytokinesis
Cytokinesis is accompanied by addition of membrane to the cell surface by fusion of cytoplasmic vesicles. There is evidence for participation of both Golgi-derived vesicles and recycling endosomal membranes contributing to the cleavage furrow [156] .
The SNARE syntaxin is required for cell division in a variety of species. PtdIns(4,5)P 2 and PtdIns4P 5-kinases have been localized to the cleavage furrow of mammalian cells, which are also sites of accumulation of the negative curvatureinducing lipid phosphatidylethanolamine [157] . Accumulation of PtdIns(4,5)P 2 by overexpressing a PtdIns4P 5-kinase-deficient mutant or microinjection of anti-PtdIns(4,5)P 2 block cytokinesis. These experiments again demonstrate domains of altered lipid composition which could affect membrane curvature directly or through interaction with the underlying actin cytoskeleton. In addition, nuclear morphology was altered in these cells injected with anti-PtdIns(4,5)P 2 , indicating a potential additional role in nuclear structure for this lipid.
Nuclear membrane assembly
The most extensive study of the role of phosphoinositides and DAG on nuclear membrane fusion reactions has been performed with a cell-free sea urchin egg preparation [158] that assembles nuclear envelopes on exogenously added sperm nuclei [159, 160] . Two membrane fractions fuse to form the envelope: MV1, derived from vesicles primarily in the egg cortex, and MV2, derived largely from ER experimentally vesiculated by homogenization in forming the cell-free extract [161] . MV1 has an extraordinary phosphoinositide composition: 60 mol % total phospholipid as PtdIns derivatives, of which two-thirds are polyphosphoinositides [12, 162] . Additionally, MV1 contains PI-PLCγ at > 100-fold greater concentration than MV2 [12] . PI-PLCγ is activated early in the GTP-initiated fusion reactions, leading to nuclear envelope formation by tyrosine phosphorylation [12] catalysed by a Src family kinase [163] .
Exogenous PI-PLC initiates nuclear envelope formation without GTP hydrolysis or PI3K activity, suggesting a downstream role [24] . A direct role for DAG rather than IP 3 -mediated Ca 2+ release is substantiated by a series of experiments. Bacterial PI-PLC, which hydrolyses PtdIns not PtdIns(4,5)P 2 and does not produce IP 3 , results in nuclear envelope formation [24] . Moreover, pre-incubation of MV1 or liposomes mimicking MV1 with eukaryotic PI-PLCγ results in nuclear envelope formation [164] . Finally, liposomes containing large amounts of DAG directly initiate fusion and nuclear envelope formation without PLC activity. These experiments led to the hypothesis that the role of phosophoinositide-rich MV1 is to promote fusion of ERderived membranes to form the nuclear envelope by providing high levels of DAG in at least one of the partner membranes. As with cortical granule fusion, high levels of negatively curved lipids may be necessary predominantly in only one of the two partner membranes fusing.
Formation of the nuclear envelope may share mechanisms with other cellular fusions. For example, in yeast, three mutated genes which affect early steps in secretion at the level of the ER also result in altered nuclear envelope morphology [165] . The phenotype of syntaxin-4 deletion mutants in C. elegans early embryos also suggest similarities in nuclear envelope formation and cytokinesis membrane fusion events [166] .
Summary A large number of biophysical studies support the notion that lipids associated with negative curvature facilitate synthetic membrane fusion. Among these lipids are phosphatidylethanolamine, fatty acids and, importantly for purposes of this review, DAG. Additionally, cholesterol can potentiate their effects. Fewer studies from natural membranes are available, but several systems demonstrate effects of DAG content positively correlated with fusibility. Several cell-free systems exhibiting fusion have been useful in testing the role of DAG in natural membrane fusion, including chromaffin granule plasma membrane, cortical granule plasma membrane, alveolar lamellar body plasma membrane, and nuclear envelope precursor vesicle ER membrane models. These have permitted determination of the effects of direct alteration of phospholipid content on fusion, are generally in agreement with studies of protein-free liposome fusion and are consistent with the stalk model. Additionally, the effects of membrane fluidity of phosphoinositides with polyunsaturated fatty acid chains on fusion also need to be taken into account in addition to negative curvature.
PERSPECTIVES
The family of phosphoinositides has multiple roles in signalling affecting a wide variety of cell processes. We have reviewed here the roles of phosphoinositides and their metabolic products on membrane fusion, a process that is involved in a wide range of eukaryotic cellular functions.
Much attention has been paid to the roles of these lipids as regulatory molecules and as signposts for binding of specific proteins with roles in fusion to appropriate membranes. In particular, PtdInsP(4,5)P 2 , PtdIns3P, PtdIns(3,4,5)P 3 and DAG fulfil such roles, many of which are in prefusion steps such as docking and priming.
In most cases the paradigm for the fusion event depends on SNAREs as the major structural machinery, with lipids regulating directly or indirectly the function of the SNARE complex. However, it is still not clear to what extent SNARES are sufficient to effect fusion.
An alternate, but not mutually exclusive, way of understanding the roles of such lipids, particularly in the generation of DAG from PtdInsP(4,5)P 2 by PI-PLC, is to emphasize the role of DAG as a lipid characterized by both its negative curvature and an inducer of non-lamellar structures, which facilitates fusion in both synthetic and natural membrane systems. Important implications of the few experiments performed so far on this topic include the possibility that elevated levels of lipids of negative curvature may only be needed in one of the two fusion partner membranes [12, 103] , and that potentially fusigenic membrane vesicle populations may contribute for some fusions [12] . An alternative to the latter idea is that highly localized regions of altered lipid composition favouring bending may contribute to fusion, although it is not clear how such regions would be maintained, given the rapidity of diffusion of lipids in the bilayer [167] . Improved ability to isolate and analyse the lipid composition of fusion partner membranes, development of refined and varied cell-free assay systems and manipulation of lipid content in specific compartments in vivo should lead to greater understanding of how such lipids contribute to the stalk.
In the case of acute depletion of PtdIns3P from early endosomes, extensive endosomal tubularization is observed, which correlates with the trapping of transferrin receptors within the tubularized network. A possible explanation is that PtdIns3P depletion impairs fission of naturally occurring endosomal tubules, which are the exit platform towards the recycling pathway [84] . More specifically, absence of the negatively charged PtdIns3P would be expected to suppress formation of curved surfaces required for budding. Concomitantly, an excess of generated PtdIns, a lipid that favours membrane fluidity [112] , would be expected to enhance the plasticity of the membrane, thus allowing its extensive elongation.
Various examples reviewed here, such as localized depletion of endosomal PtdIns3P, vacuolar DAG dependent-fusion or the role of DAG in nuclear envelope formation demonstrate that localized variations of phosphoinositides and their products can lead to structural alterations in the membrane. These variations in membrane dynamics facilitate fusion, which is a central element in many cellular processes. We can therefore suggest that the phosphoinositides are not only regulators, but also modulators, of membrane structure and dynamics.
